Abstract Spatial and temporal variations of sediment quality in Matanzas Bay (Cuba) were studied by determining a total of 12 variables (Zn, Cu, Pb, As, Ni, Co, Al, Fe, Mn, V, CO 3 2− , and total hydrocarbons (THC). Surface sediments were collected, annually, at eight stations during [2005][2006][2007][2008]. Multivariate statistical techniques, such as principal component (PCA), cluster (CA), and lineal discriminant (LDA) analyses were applied for identification of the most significant variables influencing the environmental quality of sediments. Heavy metals (Zn, Cu, Pb, V, and As) and THC were the most significant species contributing to sediment quality variations during the sampling period. Concentrations of V and As were determined in sediments of this ecosystem for the first time. The variation of sediment environmental quality with the sampling period and the differentiation of samples in three groups along the bay were obtained. The usefulness of the multivariate statistical techniques employed for the environmental interpretation of a limited dataset was confirmed.
Introduction
Cuba, due to its geographical characteristics, has a relatively high coastal area with an environmental quality affected, generally, by different socioeconomic activities, which have increased over the last years. Some of the most important impacts of human actions are caused by the implementation of commercial fishing ports and/ or the increment of coastal traffic, where exploration, extraction, and transportation of petroleum have been increasingly expanded. Recreation and tourism activities have also been incremented. Moreover, residual domestic and industrial waters, without previous purification, are often discharged to the bays. Metals and hydrocarbons constitute one of the pollutants more frequently detected in marine ecosystems, and they are accumulated in sediments and living organisms (Ruíz et al. 2008) . Sediments have been widely used as environmental indicators. The role of sediments as contamination sources and to monitor contaminants is largely recognized (Bengraine and Marhaba 2003; Parizanganeh et al. 2007; Wong et al. 2007) .
Since environmental studies must account for datasets of several variables determined in parallel, multivariate chemometrical methods become very helpful for assessing interrelationships among the measured data. The application of multivariate statistical methods has frequently been used to characterize environmental matrices, to define their quality-e.g., soil and sediments (Buccolieri et al. 2006; Essien et al. 2009; Filgueiras et al. 2004; El Nemr et al. 2006; Liu et al. 2003) and waters (Carrasco et al. 2003; Liao et al. 2008; Pejman et al. 2009 )-and also to identify various sources of pollution.
There are several sediment quality studies where intelligent data analysis is used with more advanced chemometrical approaches, e.g., neuron net classification, parallel factor analysis (PARAFAC), N-way principal component analysis (PCA), and Hasse diagram technique (Mingoti and Lima 2006; Astel et al. 2007; Tsakovski et al. 2012) . On the other hand, traditional multivariate statistical methods such as cluster analysis (CA), lineal discriminant analysis (LDA), and PCA are widely applied to study the relationship between toxic response and chemical composition of various environmental matrices (Grande et al. 2003; Stanimirova et al. 2005; Reid and Spencer 2009; Andrade Passos et al. 2010) .
In this work, a chemical dataset referring to sediments of Matanzas Bay was considered for evaluating the quality of this Cuban ecosystem. Trace elements (Co, As, Cu, Ni, Pb, V, and Zn), total hydrocarbons (THC), and other matrix constituents (Al, Fe, Mn, ) were the main features considered. The studied analytes were chosen taking into account the characteristic of the bay and the possible pollutant sources. It should be noted that no reports has been found so far about the presence of As and V in sediments of the Matanzas Bay, while the last report concerning the presence of Cu, Ni, Pb, and V was made by Ruíz et al. (2008) in sediments collected in year 2004. The objective of this work was to study the temporal and spatial variations of sediments contamination of Matanzas Bay by trace elements (As, Cu, Ni, Pb, Zn, and V) and hydrocarbons. Special attention was devoted to the statistical multivariate analysis of the experimental results.
Materials and methods

Study site
Matanzas Bay is located on the northern coast of Cuba at 23°03′ N and 81°34′ W. It has a coastline of 19 km, a surface area of 35.8 km 2 , and an average depth of 200 m. Four rivers (Buey Vaca, Canímar, Yumurí, and San Juan) and sewers flow into the bay, discharging urban and industrial wastewaters. Activities of exploration, extraction, and transportation of petroleum have been developed in the bay for many years. Also, different industries, such as a steam electric power plant and a fertilizer plant, are located along the coast. Matanzas Bay has an open shape that favors, in general terms, an extensive exchange of water with the open sea, and, therefore, the dilution of pollutants from rivers and urban sewers. The water circulation pattern of the waters is shown in Online Resource 1.
Sampling and sample pretreatment
Eight sampling sites (E1-E8) were selected ( Fig. 1) considering the sample accessibility and the possible kind or degree of pollution expected (Ruíz et al. 2008) . These sites are affected by different anthropogenic Fig. 1 Location of Matanzas Bay and sampling stations sources of pollution (factories, traffic emissions, agricultural, and urban activities). Stations 1 to 4 are located in the industrial and port areas, where steam electric power plant and fertilizer plant together with shipyards are located. Also, diverse activities, like coastal traffic, naval transportation of petroleum, among others, take place in this zone. The sampling sites 5, 6, 7, and 8 were set at an area that receives domestic and industrial untreated or partially treated wastes. Foods and pails industries are among the main sources of water wastes in this zone, where an enterprise of urban transportation vehicles is also sited. Stations 5 and 8 were situated directly in the beach zone at the coastline; while stations 6 and 7 were located at 100 m from the coastline where the sea depth is higher.
Only the top 10 cm of the undisturbed surface sediment were collected over a period of 4 years (in March 2005 (in March , 2006 (in March , 2007 (in March , and 2008 ) utilizing a Van Veen dredge. Five sediment portions were taken close to each site (approximately 2 kg in total), and, then, they were homogenized to provide a single composite sample for each station. Homogenized samples were stored at −20°C until the chemical analyses were carried out. Sediment samples were dried (at 45 and 105°C for hydrocarbons and metals, respectively) overnight and sieved through 2,000 and 63 μm nylon mesh for hydrocarbons and metals, respectively. Sample digestion and quantification procedures for total concentration of metals Total digestion was carried out according to the procedure of Ajlec et al. (1988) . The metal concentrations (V, Al, Fe, Mn, Co, Cu, Ni, Pb, and Zn) in the extracts were determined by means of flame atomic absorption spectrometry (FAAS) with a GBC Avanta Σ (Australian) spectrophotometer. Arsenic was determined by hydride generation atomic absorption spectrometry.
Certified Reference Materials from the National Research Council of Canada, NRCC (BCSS-1, river sediment), and from the International Atomic Energy Agency, IAEA (IAEA-405 CRM, estuary sediment), were used to validate the analytical methodology and to evaluate the accuracy and precision of the total metal measurements. The recovery, calculated as the percent value of the measured average concentration (n=3) with respect to the certified concentration, was around 81-116 % in dependence of the element and sample. Precision, considered as repeatability, was evaluated as the relative standard deviation of six sample replicates, analyzed in a single-day work session by the same analyst. Four different concentrations of the elements were considered by using different certified reference materials of sediments. The precision interval for all concentrations of each analyte is given in Table 1 . As can be seen, precision was below 5 % in all cases.
Extraction and fractionation of hydrocarbons
Thirty grams of homogenized dry sediment were treated with dichloromethane and cyclohexane according to the procedure suggested by Companioni et al. (2009) . The aliphatic and aromatic fractions were recovered by elution with hexane and 1:1 (v/v) hexane/dichloromethane mixture, respectively. Quantification of aliphatic and aromatic hydrocarbons was made on a Konik HR 4000B gas chromatograph with flame ionization detector (GC/FID).
Spiked sediment samples with increasing concentration ranging from 33 and 200 ng g −1 were analyzed to verify the accuracy of the extraction and fractionation methods. The accuracy of the results was estimated using the recovery results according to Barwick and Ellinson (2000) . The recoveries of n-alkanes and polycyclic aromatic hydrocarbons ranged from 49.1 to 105.6 %. Only the more volatile analytes show recoveries below 40 % (Companioni et al. 2009 ).
Carbonate content determination procedure
For carbonate (CO 3 2− ) content determination, samples were leached in 37 % HCl and the volume of released CO 2 was determined volumetrically according to Wiesmann and Nehring (1951) . All measurements described in Sections 2.3-2.5 were made in triplicate.
Physical characteristics of the sediments
Sediments collected in the year 2006 campaign were submitted to physical characterization according to the procedures further described.
Granulometric composition
For granulometric composition analysis, 100 g of dried sediments were sieved by using seven sieves of 2.0, 1.0, 0.7, 0.3, 0.2, 0.1, and 0.075 mm of pore diameter. The sieves were shaken by using a Tyler RO-TAP sieve shaker (Gilson, EE.UU).
X-ray diffraction analyses
X-ray diffraction (XRD) semiquantitative analysis was carried out on a PANalytical X'Pert Pro (England) diffractometer under the following conditions: CuKα radiation (λ=1.54163 Å), graphite secondary monochromator (35 to 40 kV, 30 mA), and step scanning at 0.030°/5 in the range of 2-60°or 2-90°2θ. The powder diffraction database PDF-2 was used for peak identification.
Statistical procedures
Three multivariate statistical techniques-cluster analysis (CA), principal component analysis (PCA), and lineal discriminant analysis (LDA)-were used to study the sediment quality of Matanzas Bay. All the input data were previously autoscaled to minimize the effects of the differences in measurement units and variance of the variables considered (Zhou et al. 2007 ). All the statistical treatment was performed by using SPSS 15.0 for Windows (SPSS Inc, USA) software.
Results and discussion
Granulometric study of sediments
The sediment granulometric composition study revealed that the sediments of E1, E2, E4, and E8 stations contain a high proportion of thick material with just around 1-7 % of particles with diameter lesser than 100 μm. In contrast, sediments of E3 and E5-E7 sampling points can be considered as a mix of fine sand, silt, and clay fractions because 11-22 % of the sediment particles crossed the 100 μm mesh sieve. Specifically, in sediments of the E5 station, a higher proportion of fine material was observed. Then, the sediments could be classified as sand (E1, E2, E4, and E8) and siltsand (E3 and E5-E7). The presence of more thick material in the E1, E2, E4, and E8 stations can be explained by the maximum water velocity reached in these zones that do not allow the retention of lower diameter particles (Online Resource 1). An exception of this behavior is observed in station E3, closely located to E1, E2, and E4, but belonging to another group of sediments with lower diameter particles. This exception is explained by the particular geomorphology of the bay and the more hydrodynamic stability that favors the retention of a finer material in the E3 site (González et al. 2006) . On the other hand, stations E5 and E6 are also situated in a zone of high energy in which the water velocity is higher. But, in this case, the presence of a higher fraction of particles with lower diameters can be attributed to the fine material discharged directly into the bay from the San Juan and Yumurí river mouths and transported to stations E5 and E6 by water circulation.
Mineralogical composition and content of carbonate Table 2 shows the results of the mineralogical composition semiquantitative analysis of the studied sediment. In general, calcite, magnesium calcite, and aragonite are the ) was high in all sediments and ranged from 60 to 95.9 %, with an average concentration of 85.2 % (Online Resource 2). Therefore, all the analyzed sediments can be classified as carbonate type, containing high content of active cal that exerts a significant influence on the flocculation process of the clays, the stabilization of the humic acids, and on the structure of the sediment, favoring the immobilization of trace elements (Förstner and Wittmann 1983) .
On the other hand, halite, albite, quartz, and anorthite are in lower proportion from nondetected up to a maximum of 21.4 %. According to the nature of the study area, it can be stated that the calcite comes from the parent rocks (Atlas of Cuba 1989). In most of the samples, halite (NaCl) is detected at concentrations lesser than 6 % or even was not detected. Halite is precipitated on the sediment surface from the water during the previous drying process of the samples at 105°C before the analysis. On the other hand, quartz and plagioclases (albite and/or anorthite) are principally present in samples E3-E7 with a content of around 5-20 % of the total sediment. The presence of plagioclases in those stations could influence the retention of a higher content of pollutants due to the increment of the ionic attraction of the negative loads of the lower particles (Horowitz and Elrick 1987) .
Trace metals and hydrocarbons in sediments
The concentrations of Zn, Cu, V, Pb, As, Ni, and THC determined in sediments of all stations during the four campaigns are shown in Fig. 2 . Also, the reference concentrations of the Screening Quick Reference Tables (SquiRTs) By analyzing the whole dataset in Fig. 2 , Ni (Fig. 2e ) was the element with more amounts of anomalous concentrations distributed, practically, in the entire ecosystem. Note that most concentrations were higher than the threshold effect level (TEL = 15.9 mg kg − 1 ).
Furthermore, the Ni concentration was equal or higher than the probable effect level (PEL=42.8 mg kg
) in approximately 50 % of the analyzed sediments. Maximum concentrations were observed in the E5 and E6 sites through the time of study. The wide distribution of anomalous Ni concentrations can be originated from diverse contaminating focus distributed along the coastline of the Bay. In sediments E1, E2, E3, and E4, the presence of Ni could be originated, among others, from waste discharges of the marine port activities, petroleum transportation, petroleum management in the steam power plant, and waste of the ships' repairs and painting (González et al. 2006) . The rest of the sites (E5-E8) are affected by industrial wastes generated in industries H, I, and J that are transported by Yumurí and San Juan Rivers plus, possibly, Ni lixiviated from serpentine mineral of the basin of the Yumurí River (Atlas de Cuba 1989). The higher increment of Ni in stations E5 and E6 could be justified by the proximity of these sites to the rivers' mouth. The concentration of Cu (Fig. 2a) , Zn (Fig. 2b) , As (Fig. 2c) , and Pb (Fig. 2f) was around or near TEL in most sampling sites for all collection campaigns. However, the following notable exceptions were observed: Cu prevailed all the times over TEL in E3, where its concentration was particularly high near PEL (108 μg g −1 ) for year 2007. Also, in this year, Cu concentration was relatively high, i.e., near PEL in E5 and higher than PEL in E4. Zn in E3 was 2.4 the TEL concentration, and As was higher than TEL in E1 and E3 in the 2007 campaign. Pb concentration was higher than TEL only in E3 for all campaigns. In this site, Pb reached a maximum concentration, around PEL (112.0 mg kg As a result, the E3 site contained the highest number of elements with anomalous concentrations. Note that Cu Pb and Ni concentrations were, at all times, higher than TEL, while Zn and As were also higher than TEL for the year 2007. Some reasons can explain this situation. The E3 sampling site is located between two landing stages, in a more hydrodynamic stable zone, that propitiates a slow water replacement and, consequently, more retention of transported contaminants (González et al. 2006) . The presence of plagioclases in this sediment could also favor a more retention of contaminants.
In comparison with the rest of the elements, the evaluation of V (Fig. 2d) was somehow limited because only the concentration of the apparent effect threshold (AET = 57 mg kg −1 ) is reported in the SquiRTs.
Nevertheless, AET represents the more risky reference concentration in the used guidelines over which the human activity may cause a significant negative influence on the ecosystem. In this context, temporal worrying concentrations of V, higher than AET, were found in most sites only in the 2006 campaign and also in E4 and E5 for the 2007 campaign. Fortunately, a decrease of the V concentration was confirmed for the year 2008 in the whole study area. In general, the metal contents have not increased significantly over time according to the concentrations of Ni (13-229 mg kg −1 ), Zn (4-152 mg kg −1 ), Cu (15-296 mg kg −1 ), and Pb (12-57.3 mg kg −1 ) reported before by González (1991a) and by Ruíz et al. (2008) . In this last report, sediments were collected in the year 2004. The higher concentrations of THC (Fig. 2g) were in E3 and E4, followed by E5 and E6 (Fig. 2g) , where at least in 1 year (2006, 2007, or 2008) , the THC concentration was higher than the effect range medium (ERM=44.8 mg kg −1 ). Anomalous THC concentrations in E3 and E4 can be associated, AET apparent effect threshold (─ ─), and ERM effect range medium according to Long and MacDonald (1998) Three new principal components (PC1, PC2, and PC3) that explained approximately 72 % of the total variability contained in the raw data were selected. In order to know which of the 12 initial variables are represented in each of the three new selected components (new variables), the loadings matrix was calculated. As seen in Table 3 , PC1 is positively influenced by Fe, Al, Mn, and Co, and, as expected, negatively by CO 3 2− . Those raw variables can be related fundamentally to the natural origin of sediments.
Zn, Cu, As, Pb, and THC contaminants were grouped in PC2. As known, Zn, Cu, As, and Pb are indicators of industrial contamination; while Cu, Pb, HCT, and As are indicators of contamination associated with the exploration, exploitation, and transportation of petroleum and their derivates. The presence of indicators of both types of contamination can be interpreted as a mixed contamination in the Matanzas Bay.
V influenced, principally, on PC3. This fact indicated that the major part of vanadium present in the analyzed sediments can be associated to the heavier fractions of petroleum, particularly, to the resin-asphaltene residue (Bogomólov 1981) and not to the less heavy fractions, aromatic and aliphatic hydrocarbons, determined in the present study.
The influence of Ni was distributed in the three new components, but it was not predominant in any of them with loadings in the range of 0.34 and 0.511. The low value of communality (0.56) for Ni confirmed this result. This way, the presence of Ni can be originated from diverse sources, i.e., natural source (on PC1) from the lixiviated of minerals of the zone or anthropogenic from industrial waste waters (on PC2) and also associated to the heavier fractions of petroleum together with vanadium (Bogomólov 1981) .
The scores for the 32 analyzed sediments were plotted on the PC1-PC2 space (Fig. 3) . Each sample was identified by two numbers. The first one described the year of the sampling campaign (1, 2005; 2, 2006; 3, 2007; and 4, 2008) and the second one The numbers in bold mean that these loadings are significant Environ Monit Assess (2014) 186:6867-6878 corresponded to the sampling station (from 1 to 8).
According to the influence of both types of elements, indicators of basic constituents of sediments on PC1 and human activity on PC2, a first group of samples is located around the (0, 0) origin point of coordinates. Samples of this group behaved similarly regarding PC2 and PC1. It means that the variability of all the measured analytes, including elements of the sediment structure and also contamination indicators, is similar. However, two groups of sediments were geochemically differentiated according to PC1. The first one, located on the right side of the axe, included the sediments collected in E5 and E6 sampling sites. The second group, located on the left side of the PC1 axe, contained the sediments of the E1 and E2 sites. This grouping is explained by the higher and lower concentrations of Mn, Al, and Fe in E5 and E6, and E1 and E2, respectively, as shown in additional data given in Online Resource 2. On the other hand, E23, E33, and E43 samples, collected at site E3 along the last three campaigns, and E34, collected at E4 in year 2007, were separately located from most samples with respect to PC2 (Fig. 3) . The separation of these samples was due to the highest concentrations of Zn, Pb, Cu, As, and THC. As it was expressed before, site E3 is located near the port-industrial area and, therefore, it receives the direct impact of coastal traffic, naval transportation of petroleum, and other industrial activities developed in the zone. Also, E3 is located in an area of a more stable hydrodynamic regime of marine waters that favors the delay in the exchange time of water.
In brief, it can be stated that PCA was useful for giving the first exploratory indication of the different spatial sediment distributions. Note that three big groups of samples were spatially differentiated among them with respect also to sediments collected in site E3. However, it was impossible to infer any temporal patterns.
Hierarchical CA of data from years 2005 to 2008 campaign
CA was used in order to group the sampling stations according to their similarities. The median method was applied to normalized data using squared Euclidean distance to quantify the similarity among stations. Spatial CA produced a dendogram shown in Fig. 4 . As it is clearly observed, there are two major clusters at a rescaled distance cluster combine <10. The right cluster included E5 and E6 sediments, collected over the total sampling period, also the sediment E34, collected at E4 in year 2007, and the sediment E42, collected at E2 in year 2008. On the other hand, the left cluster included the remainder cases. Thus, CA clearly differentiated the areas E5 and E6 located near the mouths of San Juan and Yumurí rivers from all the others. This result was equivalent to others reported previously by González (1991) . Differences among the rest of the samples, contained in the left cluster, were not evidenced.
The cluster analysis was able to separate sediments collected in E5 and E6 from the rest of the samples, independently of the campaign year. This result indicated that the spatial differences were more significant than the temporal ones.
As a result, both exploratory data techniques, PCA and CA, detected big differences in sediments, principally, as a function of the collection site. Then, lineal discriminant analysis was carried out to investigate the historical (2005) (2006) (2007) (2008) trends 
Lineal discriminant analysis of data from years 2005-2008 campaign
More detailed differences of samples as a function of time and the existence of other groups of sediments with specific characteristics along the bay were then investigated using LDA.
For LDA, two new qualitative variables were created and called as sampling campaign variable and three-zone variable. The sampling campaign variable (temporal variable) was used to describe when the samples were collected, while the threezone variable was designed to identify different zones of the bay according to the types of contamination. The classification of samples in three zones, considered in the three-zone variable, was made on the basis of the information of the different pollutant sources and the hydrodynamics characteristics of the bay. Thus, the zones were port-industrial area (E1-E4), urban-industrial area (E5-E6), and urban area (E7-E8).
The lineal discriminant analysis, made by considering the sampling campaign variable, demonstrated that 85.6 % of the samples were classified well in agreement with the original grouping. By examining Fig. 5 , it can be noted that the worse LDA assignations corresponded to campaign 3 in year 2007 when two samples were classified in campaigns 2 and 4. The success of LDA classification by means of the campaign variable was also corroborated by the canonical correlation coefficients of 0.932, 0.845, and 0.635. In this case, the samples' classification percent as a result of the cross-validation test applied (Vandeginste and Massart 1998) was 75.0 %.
On the other hand, canonical correlation coefficients were 0.941 and 0.831 for the two calculated discriminant functions when the lineal discriminant analysis was performed by using the three-zone variable, and samples were distributed in port-industrial, urban-industrial, and urban area groups. The probabilities of group membership were 93.8, 100, and 87.5 % for each group, respectively. The classification percent in the cross-validation test applied was 93.8 %.
In accordance with the multivariate analysis study, these results should be taken into account in future plans of the bay's monitoring.
Conclusions
The level of contamination of Matanzas Bay sediments was established considering the four sampling campaign results (2005) (2006) (2007) (2008) . Although this area receives domestic and industrially untreated wastes from different origins, it does not represent a drastic environmental quality problem yet according to the reference guidelines employed in this work. This bay can be considered to be slightly polluted with some limited sub-areas affected by land production activities. Concentrations of V and arsenic were determined in sediments of this ecosystem for the first time.
Additionally, various exploratory techniques were used to evaluate spatial and temporal variations in surface sediment quality of the bay. The PCA, as exploratory analysis, assisted to extract and to recognize the most important variables and probable origins responsible for sediment quality variation during the period of time considered. Cu, Pb, Zn, As, and THC were the most significant parameters contributing to sediment quality variations for all these years. PCA rendered good results as the first exploratory method to evaluate both spatial and temporal differences. Hierarchical cluster analysis grouped the samples in two clusters, separating the stations located near the mouths of San Juan and Yumurí rivers from the rest. However, CA failed to give more details of such differences in the subgroups. The values of canonical correlation coefficients for the calculated discriminant functions in the temporal and spatial analysis showed that the LDA was the appropriate method for this study.
The statistical multivariate analysis performed constituted an appropriate methodology for a more rigorous environmental interpretation of analytical results that can be applied in other ecosystems.
The final results can be helpful to optimize future bay monitoring plans and also provides a valuable tool in developing assessment strategies for effective water and sediment quality management, as well as rapid solutions on pollution problems. 
